The interaction of the activating receptor NKG2D with its ligands plays an important role in immunosurveillance of tumors and infectious pathogens, but dysregulation of this system may lead to autoimmunity.
Introduction
The activation of the immune system mediated by the interaction of NKG2D with its ligands is crucial in the regulation of both innate and specific immune responses, and this interaction is thought to play an important role in immunosurveillance of both pathogens and tumors (1) . NKG2D is an activating receptor expressed on all natural killer (NK) cells, but it is also expressed on TCRgy + and CD8 + TCRah + T cells (2) where it can costimulate the activation of naïve T cells (3) and can even trigger cytotoxicity in the absence of NK ligation (4) . In humans, NKG2D binds to MHC class I-related chain (MIC) A, MICB, and UL16-binding proteins (ULBP), all of them distantly related to MHC molecules and encoded within the MHC region (1, 5) . The expression of NKG2D ligands (NKG2D-L) is restricted or absent on normal tissues; instead, they are up-regulated in situations of stress and disease. The molecular basis of this altered expression is not well understood, although it has been described that stress situations such as heat shock, oxidative stress, and DNA damage can up-regulate NKG2D-L expression (6) (7) (8) . Further, although the expression of NKG2D-L has been described in multiple types of tumors (1, 9) , there is considerable variation between donors in cell surface expression of these molecules (10) . In summary, although the regulation of the cellular expression of NKG2D-L is not well understood, increased surface expression of NKG2D-L can be triggered by a number of signals, including tumorigenesis and infection (11) .
Another poorly understood feature of the biology of NKG2D is the existence of multiple ligands for one receptor. NKG2D binding to these various molecules depends on the conservation of an overall shape complementarity and binding energy, but the different ligands do not share a common set of chemical interactions (12) . It has been suggested that the appearance of all these different ligands could be a response to pressure exerted by infectious organisms (5) . It is also possible that different stimuli provoke a selective up-regulation of different NKG2D-L (13), although only limited evidence supports this idea. We have noted that treatment of cells with proteasome inhibitors leads to the selective up-regulation of ULBP2 and here characterize this phenomenon.
The 26S proteasome is a multisubunit protease complex responsible for the recognition and subsequent degradation of proteins targeted for proteolysis (14) and its proper function is essential for cell viability. Aberrations in the ubiquitin-proteasome system have been related with a number of diseases, including several types of cancer, and neurodegenerative diseases such as Alzheimer's (15, 16) . For this reason, proteasome inhibitors have recently become targets for drug development and one compound, bortezomib (PS-341, Velcade), a reversible inhibitor affecting the chymotryptic activity of the proteasome, has been licensed for use in therapy of multiple myeloma and is currently in trials to assess efficacy as therapy for other malignancies (17) . Although growth inhibition and induction of apoptosis of myeloma cells have been proposed to be responsible for the response of patients treated with proteasome inhibitors, the molecular mechanisms important for the antitumor activity of these drugs are not completely understood (17) (18) (19) . Here, we identify a new mechanism of action of proteasome inhibitors that involves enhancement of the immune response mediated by the activating receptor NKG2D. Specifically, we show that treatment with doses of proteasome inhibitors too low to induce cell death provokes the selective up-regulation of ULBP2, whereas treatment with inhibitors of histone deacetylases (HDAC) led to increased levels of mRNA, and protein, for both ULBP2 and MICA/MICB molecules. Thus, these data support the hypothesis that different cellular stresses can selectively trigger up-regulation of expression of different sets of NKG2D ligands. NK cell lines were prepared from buffy coats isolated from anonymous healthy adult donors as described (22) . NK cells used in the experiments presented were more than 95% CD3 À CD56 + . All the NK cells expressed the activating receptors NKG2D, NKp46, NKp44, and NKp30.
Materials and Methods

Cells
The anti-HLA class I antibody HP-1F7 (23) was a gift from Prof. M. López-Botet. Other monoclonal antibodies (mAb) were purchased from BD PharMingen (CD3 and CD56), Immatics (MICA and MICB), R&D Systems (NKG2D; MICA/MICB; and ULBP1, ULBP2, and ULBP3), and Beckman Coulter (NKp30, NKp44, and NKp46). mAbs specific for ULBP1, ULBP2, ULBP3, and ULBP4 were a kind gift of Amgen, Inc. Isotype control mouse mAbs were purchased from Sigma.
The production of recombinant NKG2D-Ig fusion protein has been described (24) . MG132, LiCl, and kenpaullone were purchased from Sigma; epoxomicin, ALLN, Ro106, Ro106C, IKK2, nuclear factor-nB (NF-nB) activation inhibitor, sodium butyrate, sodium valproate, tunicamycin, and thapsigargin were purchased from Calbiochem. 15-Deoxy-D 12,14 -prostaglandin J 2 , an inhibitor of multiple steps in the NF-nB signaling pathway (25) , was purchased from Cayman Chemical. Bortezomib (Millenium Pharmaceuticals) was obtained from the Department of Pharmacy (Addenbrookes Hospital, Cambridge, United Kingdom).
PCR. Total RNA was isolated from equal numbers of cells using Trizol (Invitrogen) and cDNA synthesized using oligo dT and Superscript II reverse transcriptase (Invitrogen). After ethanol precipitation, semiquantitative PCR reactions were set up using serial (5-fold) dilutions of this cDNA. Amplifications were performed using Taq DNA polymerase (Qiagen) and the following oligonucleotides: . Equal quantities of lysate were run on 10% SDS-PAGE gels and transferred to Immobilon-P membrane (Millipore). Western blots were performed using the goat anti-MICA/MICB or goat anti-ULBP2 antibodies (both from R&D Systems) and a h-actin-specific mAb (Sigma), followed by horseradish peroxidase-conjugated secondary antibody (Dako). Blots were visualized using the enhanced chemiluminescence system (Amersham Pharmacia).
Flow cytometry. For flow cytometry, 10 5 cells were preincubated in PBS containing 1% bovine serum albumin, 0.1% sodium azide, and 10% human serum. Cells were then incubated with mouse mAbs and bound antibody was visualized using either phycoerythrin-or FITC-labeled F(ab ¶) 2 fragments of goat anti-mouse immunoglobulin (Dako). For experiments with NKG2D-Ig, cells were blocked with sodium azide/10% goat serum and bound immunoglobulin-fusion protein was visualized with F(ab ¶) 2 fragments of goat anti-human IgG1 coupled to FITC (binding site). Samples were analyzed using a FACScan II flow cytometer (Becton Dickinson). Dead cells were excluded from all analyses by staining with propidium iodide.
Cytotoxicity assays. The cytolytic activity of NK lines against treated and untreated target cell lines was assessed in 4 h 51 Cr release assays as previously described (22) . In experiments of antibody blocking, the NK cells or target cells were preincubated with either a mixture of natural cytotoxicity receptor (NCR)-specific mAbs (each at 10 Ag/mL), an NKG2D-specific mAb, or an isotype control CD56-specific mAb (also at 10 Ag/mL) for 30 min, before mixing NK and target cells.
Assays were performed in triplicate, and data differed by <10% (on average f5%) of the mean. In all presented cytotoxicity assays, the spontaneous release of 51 Cr is indicated in the figure. All cytotoxicity assays were performed 6 to 8 days after restimulation of the NK cells and the data are representative of multiple experiments done with polyclonal NK lines generated from multiple donors.
Results
Treatment of human fibroblasts with proteasome inhibitors increases their susceptibility to NK-mediated cytotoxicity. MG132 and ALLN are reversible proteasome inhibitors that affect primarily the chymotrypsin-like activity of the proteasome, but also inhibit, at higher concentrations, other cellular proteases such as cathepsins and calpains. Epoxomicin is an irreversible inhibitor that affects all three activities of the proteasome and does not inhibit other nonproteasomal proteases. In the course of a set of experiments to investigate an unrelated phenomenon, we noticed that treatment of primary human fibroblasts with MG132 led to an increase in the susceptibility of these cells to NK-mediated lysis (Fig. 1A ). This effect was dependent on the concentration of the inhibitor used and the time of incubation. At least 6 h of treatment were needed to observe an increase in susceptibility to NK cytotoxicity of fibroblasts treated with 2.5 Amol/L MG132. A concentration-dependent increase in sensitivity to lysis by NK cells was also observed in fibroblasts treated with epoxomicin and ALLN ( Fig. 1B and C). Because three compounds targeting different enzymatic activities of the proteasome provoked susceptibility to NK cytotoxicity, it seems reasonable to conclude that the altered sensitivity to NK lysis depends on inhibition of the proteasome and not some other activity of these inhibitors.
Enhanced NK lysis of proteasome inhibitor-treated fibroblasts depends on recognition via the activating receptor NKG2D. NK cells become activated either through lack of inhibition, e.g., loss of recognition of self-MHC class I molecules, or through ligation of activating receptors. At the concentrations of proteasome inhibitor used, treatment of fibroblasts did not decrease the amount of MHC class I detectable by flow cytometry ( Fig. 2A) , suggesting that proteasome inhibition did not make cells better targets for NK cell cytotoxicity by reducing surface expression of MHC class I molecules. Thus, we next explored, in antibody blocking experiments, whether known NK activating receptors such as NKG2D or the NCRs NKp30, NKp44, and NKp46 were involved in the increased cytotoxicity of NK cells against proteasome inhibitor-treated cells. Preincubation of the NK cells with NKG2D-specific antibody (Fig. 2B ), but not a mixture of NCRspecific mAbs or an isotype control, CD56-specific mAb, completely blocked the increased NK cell cytotoxicity. The involvement of NKG2D in NK cell recognition of the fibroblasts treated with MG132 was confirmed in flow cytometry experiments showing an increase in binding of NKG2D-Ig to viable, as judged by exclusion of propidium iodide, inhibitor-treated cells (Fig. 2C) . Thus, fibroblasts treated with MG132 show a higher expression of NKG2D-L than non-treated cells, leading to an increased susceptibility to cytotoxicity by NK cells.
ULBP2 expression is increased in various cell types in response to proteasome inhibitor treatment. To test whether the phenomenon described in fibroblasts occurred in other cell types, the Jurkat cell line was treated with increasing amounts of MG132 and the expression of NKG2D-L was assayed. To control for differences between cell lines in sensitivity to apoptosis induction after proteasome inhibition, cell death provoked by inhibitor treatment was measured by costaining with propidium iodide and only viable cells were analyzed for NKG2D-L expression. Optimal induction of NKG2D-L on human fibroblasts or HCT116 cells required 2.5 Amol/L of MG132, whereas at these concentrations of MG132 the majority of Jurkat cells were dead or dying. Instead, only 0.25 Amol/L MG132 was required to trigger an increase in surface NKG2D-L on Jurkat cells (Fig. 3A) and at this concentration the majority of cells were viable. Flow cytometry experiments using mAb specific for individual NKG2D-L revealed that only ULBP2 was clearly up-regulated upon MG132 treatment of Jurkat cells (Fig. 3B) . To check that selective ULBP2 up-regulation was not due to an inability of this cell line to up-regulate other NKG2D-L, the cells were also treated with sodium valproate, a HDAC inhibitor known to up-regulate expression of MICA/MICB molecules on some cell types (26) and another inhibitor of HDAC, sodium butyrate. Because proteasome inhibitors are known to produce endoplasmic reticulum (ER) stress (27, 28) , and eventually apoptosis, two other compounds known to cause ER stress, tunicamycin and thapsigargin (29) , were included in the study to test whether treatment with these compounds could also trigger ULBP2 up-regulation. The results of these experiments are summarized in Fig. 3C : The surface expression of both MICA and MICB could be induced on Jurkat after treatment with HDAC inhibitors but not in cells treated with proteasome inhibitors, tunicamycin or thapsigargin, suggesting that up-regulation of ULBP2 depends on inhibition of the proteasome. It was thus of interest to test whether bortezomib, a proteasome inhibitor approved for use in the clinic, could induce expression of NKG2D-L because MG132 and bortezomib have been reported to display differential specificities toward the subunits of the constitutive and immunoproteasome (19) .
Treatment of Jurkat cells (Fig. 3D) and THP-1 cells (data not shown) with low doses of bortezomib led to increased expression of ULBP2 molecules on viable cells.
We next used the panel of mAbs specific for individual NKG2D-L to explore whether this increase in ULBP2 occurred in other tumor cells treated with MG132. Interestingly, the effects of the different compounds used varied significantly in different cells ( Table 1 ). The viability of the different cell lines varied significantly after treatment with the same concentration of MG132 (0.25 Amol/L); however, analysis of viable cells showed that although overnight culture of Monomac 6 (MM6), THP1, and U937 (all monocyte/ macrophage tumor cell lines) with MG132 led to increased staining for ULBPs, this treatment did not change the levels of NKG2D-L expressed on 721.221, Raji, or Daudi cells (all B cell lines). In separate experiments, HeLa (cervical carcinoma) and HCT116 (colon carcinoma) cells also up-regulated ULBP2 after treatment with 2.5 Amol/L MG132. It is interesting to note that this effect occurs independently of the presence of a background expression of NKG2D-L. For example, untreated Jurkat, HCT116, and HeLa express low background levels of ULBPs, whereas MM6 does not express any NKG2D-L (9).
Another interesting observation of this set of data is the fact that the response to HDAC inhibitors also depends on cell type: For example, only ULBPs, but not MICA/MICB, were induced on Raji cells after treatment with sodium butyrate and no NKG2D-L was up-regulated after treatment of these cells with sodium valproate.
In conclusion, NKG2D-L can be selectively induced at the surface of tumor cells after treatment with various types of inhibitors at doses below those that induce cell death.
Treatment of cells with proteasome and HDAC inhibitors induces an increase in transcription of specific NKG2D ligands. The increased surface expression of NKG2D-L could represent mobilization of intracellular protein or enhanced transcription of the genes encoding these molecules. To distinguish between these possibilities, reverse transcription-PCR experiments were performed to assay the amount of mRNA encoding MICA/ MICB and ULBP2 present in Jurkat cells treated with MG132, tunicamycin, thapsigargin, sodium butyrate, sodium valproate, and DMSO (control). RNA was extracted from equal numbers of viable cells and serial dilutions of the cDNA prepared were used as template in specific PCR reactions (Fig. 4A) . Analysis of the housekeeping gene G3PDH confirmed that similar amounts of mRNA were present in each sample. The levels of mRNA for MICA/MICB increased significantly in cells treated with sodium butyrate and sodium valproate, and this correlated with the increase in surface expression observed after these treatments. Some ULBP2 mRNA could be detected in all the samples, but the levels expressed were clearly increased in cells treated with MG132, sodium butyrate, and sodium valproate. Interestingly, there was also an increase in mRNA for ULBP2 in cells treated with tunicamycin but this did not lead to an increase in the cell surface expression of this molecule. Similar data were obtained when cDNA prepared from Monomac 6 cells treated with the same panel of compounds was analyzed (data not shown). This discrepancy between the levels of mRNA of a given NKG2D-L and its expression at the cell surface prompted the question of whether the increase in transcription of NKG2D-L necessarily correlated with translation into protein. To address this issue, the quantity of NKG2D-L present in equal amounts of lysates of treated and untreated cells was analyzed by Western blot. Figure 4B shows that MICA/MICB is increased in sodium butyrateand sodium valproate-treated cells and ULBP2 is increased in sodium butyrate-, sodium valproate-, and MG132-treated cells, but not those cells treated with tunicamycin, arguing against the possibility that tunicamycin treatment disrupts trafficking of ULBP2 Control*  3  3  3  4  2  2  3  3  4  2  2  2  65  3  27  2  SB  12  17  3  10  6  16  15  5  4  10  2  4  98  18  25  16  VPA  6  12  2  10  4  8  15  3  3  4  2  4  ND  ND  ND  ND  MG132  6  12  4  15  4  12  4  5  4  3  2  3  72  15  25  15 Abbreviations: SB, sodium butyrate; VPA, sodium valproate; ND, not done. *Geometric mean fluorescence intensities. Figure 4 . Induction of the expression of NKG2D-L with various stress-causing reagents. Jurkat cells were treated for 16 h with the various inhibitors at the same concentrations as in Fig. 3 . A, RNA extraction and semiquantitative PCR. cDNA was extracted from equal amounts of cells and used as template in PCR reactions using oligonucleotides specific for the housekeeping gene G3PDH , MICA/MICB and ULBP2. The amount of RNA for G3PDH was equal in all the cells, but not the RNA for NKG2D-L. B, SDS-PAGE separation and Western blot. Lysates corresponding to equal number of cells treated with the indicated inhibitors were loaded in an SDS-PAGE gel and analyzed by Western blot using polyclonal antibodies specific for ULBP2 or MICA/MICB. h-Actin was used as control for equal loading.
to the cell surface. Thus, not all the mRNA encoding NKG2D-L induced after cellular stress translates into protein, suggesting post-transcriptional control of the expression of NKG2D-L. The involvement of post-transcriptional, and post-translational, modifications in the regulation of MICA has been suggested previously (30, 31) . Induction of ULBP2 by proteasome inhibitor treatment depends on expression of ATM and ATR, but is independent of inhibition of NF-KB or glycogen synthase kinase-3. The transcription and expression of NKG2D-L has been shown to be induced by stimuli that activate the systems of DNA damage repair, specifically the kinases ATM and ATR, which are key triggers of the DNA damage transduction cascade (32) . We therefore tested the effect of treatment with proteasome inhibitors on the susceptibility to NK lysis of cells deficient in either ATM or ATR. As a control, ATM-deficient cells transfected with ATM, to restore function, were also included in these experiments. Proteasome inhibition did not trigger NKG2D-dependent lysis of cells deficient in ATM and cells deficient in ATR were lysed only poorly (Fig. 5A) , whereas efficient induction of susceptibility to lysis via NKG2D after treatment with proteasome inhibitors was observed in cells expressing both ATM and ATR.
Because treatment with MG132 blocks NF-nB activation (33) as well as proteasome activity, fibroblasts were treated with either MG132 or other specific inhibitors of NF-nB signaling and then tested as targets in killing assays with NK cells (Fig. 5B) . Only MG132, but not inhibitors of NF-nB, triggered increased target cell sensitivity to NK lysis, suggesting that treatment with proteasome inhibitors provokes susceptibility to NK cytotoxicity via a NF-nB-independent mechanism.
It has been reported that the induction of MICA/MICB expression by HDAC inhibitors depends on glycogen synthase kinase-3 (GSK-3) activity (34) . Indeed, treatment with LiCl and kenpaullone, two structurally different inhibitors of GSK-3 kinase activity (35) , reduced MICA/MICB expression induced by butyrate (Fig. 5C ) and valproate (not shown). However, kenpaullone treatment had no effect on the induction of ULBP2 by either butyrate or MG132 in these experiments, whereas treatment with very high doses (75 mmol/L) of LiCl was required to block induction of ULBP2 expression. These experiments suggest that the induction of MICA/ Figure 5 . Induction of ULBP2 by proteasome inhibitor treatment depends on ATM and ATR expression, but is independent of inhibition of NF-nB or GSK-3. A, ATM-deficient fibroblasts, transfected with either empty vector (ATM-deficient) or ATM (ATM-transfected), and ATR-Seckel fibroblasts (ATR-deficient) were treated for 16 h with 2.5 Amol/L MG132 and used as targets in 4 h 51 Cr-release assays at an effector-to-target ratio of 5:1 with NK cells that had been preincubated with either isotype control CD56 or NKG2D-specific mAb as indicated. Spontaneous lysis: ATM/empty vector, DMSO, 15%; MG132, 16%; ATM/ATM, DMSO, 9.5%; MG132, 11.3%; ATR-Seckel, DMSO, 10.2%; MG132, 19.6%. B, human foreskin fibroblasts were treated for 16 h with 2.5 Am MG132 ( ), the indicated NF-nB inhibitors [Ro106 ( ) IKK2 ( ), pan NF-nB ( )] or controls [DMSO ( ), Ro106C ( )] and used as targets in 4 h 51 Cr-release assays at the indicated E:T ratios. Spontaneous lysis: DMSO, 9.7%; MG132, 12.7%; Ro106C, 10.3%; Ro106, 15.5%; Ikk2, 11.1%; pan NF-nB, 10.8%. C, cell lines were treated with DMSO (top ), 3 mmol/L sodium butyrate (bottom ), or 0.25 Amol/L MG132 (middle ) alone, or in combination with either LiCl (75 mmol/L) or kenpaullone (KenP , 10 Amol/L) as indicated for 16 h and then stained for flow cytometry with mAbs specific for MICA/MICB (R&D Systems) or ULBP2 (gift of Amgen).
MICB and ULBP2 depend on separate pathways and that GSK-3 is unlikely to be involved in ULBP2 expression induced by either inhibitors of HDAC or the proteasome.
Discussion
Proper function of the ubiquitin-proteasome system is critical to the maintenance of appropriate levels of short-lived and regulatory proteins as important and diverse as those involved in cellular metabolism, heat shock and stress response, antigen presentation, modulation of cell surface receptors and ion channels, cell cycle regulation, transcription, and signaling factors. Thus, it is not surprising that proteasome inhibition is proving to be an effective therapy for some human cancers (17) , although the factors important for this therapeutic effect are only beginning to be understood. Proteasome inhibitors may exert an anticancer effect by inducing apoptosis via inhibition of the transcription factor NF-nB, a key survival factor, or by stimulating proapoptotic ER stress (36) . Here, we describe a third mechanism of action for proteasome inhibitors that promote activation of the immune system when these drugs are used at doses too low to induce apoptosis. Moreover, the effect triggered by this treatment, selective up-regulation of certain NKG2D-L, also occurs after treatment with HDAC inhibitors and, in both cases, the quality and quantity of the response is very sensitive to the dosage and cell type. Thus, our data provide evidence for a relationship between the nature of the cellular stress and the selectivity of the cellular response.
Treatment with proteasome inhibitors increases susceptibility to NK cytotoxicity. NK cell recognition is controlled by a balance of signals from inhibitory and activating receptors (37) , but here the increased susceptibility to lysis of cells treated with proteasome inhibitors is not due to the loss of key inhibitory ligands such as MHC class I molecules. Instead, inhibitor-treated cells show increased reactivity with NKG2D-Ig fusion protein, and preincubation of the effector NK cells with mAbs specific for NKG2D largely blocks NK recognition of proteasome inhibitor-treated target cells. These data lead to the conclusion that inhibitor-treated cells become sensitive to NK cell lysis because of up-regulation of ligands for the activating receptor NKG2D. These observations have profound implications for our understanding of cellular immunity to cancer, because forced expression of NKG2D-L by tumor cells not only leads to enhanced immune-mediated elimination of these tumor cells (38) (39) (40) but can also induce adaptive immunity to parental tumor cells that do not express these molecules (38) . In addition, the activation of the immune system provoked by treatment with low doses of proteasome inhibitors might provide an alternative explanation for some previously described effects of these drugs. For example, the treatment with the proteasome inhibitor bortezomib has been shown to sensitize tumor cells to the lytic effects of effector NK and CD8 + T-cells (41) , and it was hypothesized that the cancer cells were more sensitive to immune effector cells because of proapoptotic changes induced by the treatment with proteasome inhibitor. However, our data suggest that increased expression of NKG2D-L could have contributed to enhanced immune recognition. In another report, tumor cells treated with the proteasome inhibitor bortezomib up-regulated the death receptor DR5 and this enhanced NK cell tumor cytotoxicity via the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) molecule expressed on NK cells (42) . However, most freshly isolated leukocytes, including NK cells, do not express a detectable level of TRAIL on their surface until after activation by cytokines, principally IFN-g (43) . Therefore, this mechanism is more likely to be important in potentiating cytotoxicity mediated by already activated NK cells rather than initiating NK cell recognition of proteasome inhibitor-treated cells. Lundqvist et al. (42) excluded NKG2D-dependent activation as a mechanism for enhanced NK recognition because the expression of MICA/MICB did not change. However, they did not study the expression of other NKG2D-L.
In our experiments, proteasome inhibitor treatment specifically triggers up-regulation of ULBP2, and not other ULBPs or MICA/ MICB. The selective induction of ULBP2 expression by proteasome inhibitors is striking because although differential induction of NKG2D-L genes in response to infection by different pathogens has been suggested to explain the existence of multiple ligands that bind the NKG2D receptor with high affinity, only limited evidence is available to support this idea (13, 44) . Indeed, in general, infection with bacteria (both Gram positive and Gram negative) or viruses, such as cytomegalovirus, has been shown to induce transcription of all NKG2D-L examined (13, 45) . However, our data suggest that a further level of regulation exists. Treatment with HDAC inhibitors leads to increased expression of MICA and MICB as well as ULBP2. These data exclude the possibility that the cell lines tested were unable to induce NKG2D-L other than ULBP2 and show that different cellular stresses can selectively trigger up-regulation of expression of different NKG2D-L. In fact, the induction of expression of MIC and ULBP molecules in response to the various proteasome and HDAC inhibitors varied in different cells. This might reflect that only a single dose of inhibitor was used in these experiments and it is possible that different cells are differentially sensitive to treatment with the various inhibitors, for example the concentration of proteasome inhibitor required to induce significant apoptosis in different multiple myeloma cell lines varied >10-fold between the different cell lines tested (28) . Consistent with this idea, optimal induction of NKG2D-L on human fibroblasts or HCT116 cells required 2.5 Amol/L of MG132, whereas only 0.25 Amol/L MG132 was optimal for Jurkat cells. The hypothesis that different cell types are differentially sensitive to treatment with the various inhibitors might also explain why valproate treatment triggered expression of MICA/MICB, but not ULBPs, in hepatoma cells (26) , whereas in our experiments exposure of Jurkat cells to the same concentration of valproate induced expression of MICA/MICB and ULBP2. Similarly, it has been shown that the degree of induction of MICA/MICB by HDAC inhibitors can differ markedly between different cell lines (34) .
The regulation of expression of NKG2D-L is not well understood. The transcription and expression of multiple NKG2D-L is induced by stimuli that damage the DNA and activate the systems of DNA damage repair (32) , including the ATM and ATR kinases. Interestingly, a growing body of evidence shows that the proteasome is involved in various aspects of gene transcription (46) , including the repair of DNA double-strand breaks (47) . Our data show that ATM and ATR are required for ULBP2 expression after proteasome inhibition, but it is not clear how this pathway triggers selective induction of ULBP2 expression. This will be an important topic for further study.
Skov et al. (34) reported that treatment with the HDAC inhibitor induced GSK-3 activity essential for the induction of expression of MICA/MICB proteins, although it is not clear where GSK-3 might act in the pathway regulating MICA/MICB expression. In our experiments, we could confirm that treatment with LiCl and kenpaullone, two structurally different inhibitors of GSK-3 kinase activity (35) , could inhibit butyrate-induced MICA/MICB expression. However, kenpaullone treatment did not block the induction of ULBP2 by either butyrate or MG132 in these experiments, whereas very high doses of LiCl were required to abrogate ULBP2 expression. These data indicate that GSK-3 is unlikely to be involved in the induction of ULBP2 expression by either inhibitors of HDAC or the proteasome and therefore the induction of MICA/ MICB and ULBP2 by these compounds depends on distinct pathways. HDAC inhibitors such as butyrate and trichostatin A can suppress proteasome activity by reducing expression of the catalytic subunits of the proteasome at both the protein and mRNA levels (48) . Thus, it seems reasonable to propose that HDAC inhibitors induce ULBP2 expression indirectly, via a pathway similar to that activated by proteasome inhibitors. However, the mechanism by which proteasome inhibition triggers expression of ULBP2 is not clear. Proteasome inhibitors generally also block activation of the transcription factor NF-nB, but a range of specific inhibitors of NF-nB activation did not induce susceptibility to NK lysis. Inhibition of proteasome activity is also known to induce ER stress and apoptosis (49) , but treatment with compounds that provoke ER stress, such as tunicamycin or thapsigargin, did not lead to enhanced expression of NKG2D-L at the cell surface. Thus, activation of the multiple signaling pathways associated with the unfolded protein response is not sufficient to induce NKG2D-L expression. Interestingly, although tunicamycin treatment did not induce synthesis of ULBP2 protein, increased levels of transcription of the ULBP2 gene could be detected in treated Jurkat cells. This observation is consistent with other data suggesting that the regulation of NKG2D-L expression at the cell surface is a complex process depending on a variety of mechanisms that can act post-transcriptionally and post-translationally (30, 31) , as well as at the level of transcription (8) . Further study of induced NKG2D-L expression by proteasome inhibitors may provide new insight into the complex web of factors that regulate cell surface expression of ligands for the activating receptor NKG2D.
Taken together, our results indicate that the mechanisms of action of two different classes of antineoplastic drugs, which up to now have focused on their immediate effects on tumor cell apoptosis, can be extended to include enhancement of immune recognition of tumor cells by NKG2D-expressing cytotoxic effector cells. These observations raise the possibility of priming tumor cells in vivo for lysis by NK cells or activated CD8 + T cells, perhaps in combination with adoptive immunotherapy, although more investigation will be required to test to what extent an induction of NKG2D-L proteins in healthy, nonmalignant cells could complicate this enhanced immune surveillance of cancer. It will also be important to test if enhanced expression of NKG2D-L leads to enhanced shedding of soluble ligands because chronic exposure to NKG2D-L-expressing cells, or soluble NKG2D-L, can lead to a loss of NKG2D expression and NK cell cytotoxicity (22, 50) .
